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effects of microiontophoretic application of glutamate, GABA and the GABA antagonist. bicuculline methiodide were tested on the degree of adaptation exhibited by striate cortical cells to moving sin wave grating patterns. Application of GABA, which prevents firing of the cell and thereby any fatigue of the cell, did not reduce the degree of adaptation. Administration of either glutamate or GABA, without simultaneous exposure to the adapting high-contrast gratings did not reduce the sensitivity of the cell to subsequent exposure of a low-contrast grating, showing that adaptation is not caused by the excitatory or inhibitory activity of the cell itself. Application of the GABA antagonist, bicuculline did not prevent pattern adaptation, indicating that the lowered sensitivity of the cell is not mediated by a GABAergic inhibition acting on the cell. Thus adaptation of a striate neuron is not due to altered sensitivity of the cell to a constant input but depends upon changes in the input itself. It is most likely that these changes occur in a co-operative cortical network. whose effect on individual cortical cells is mediated by intracortical excitatory connections.
After prolonged viewing of a high-contrast grating pattern, the threshold for detection of the grating is elevated, the effect being highest for the spatial frequency and orientation of the adapting grating.',5 A possible neural correlate of this perceptual phenomenon can be seen in the responses of striate cortical ce~ls,l,'.'5.lh 17~l').211.~l After exposure to drifting high-contrast gratings, striate neurons show a significant reduction in sensitivity, which is especially evident when testing with low-contrast gratings. So far. studies investigating the neural basis of adaptation have mainly considered two possibilities, namely that adaptation reflects fatigue of individual neurons or that it is an after-effect of prolonged inhibition on individual cortical cells."~* However, it is also possible that adaptation reflects a change in the input to the cell rather than a change in the sensitivity of the cell to a fixed input. Since adaptation is not shown by neurons of the dorsal lateral geniculate nucleus (dLGN),"~" '." there is the possibility that adaptation is a cortical phenomenon occurring in a network of cells sharing similar properties like orientation and spatial frequency selectivities. In such a case. the contribution of an individual neuron to the overall adaptation may be very small, even though the effect of adaptation could be observed in the responses of all the cells in the network. Such an effect could be either due to an inhibitory influence of the network on the individual neurons or to an overall reduction of activity in a network of neurons that mutually excite each other. We have tested these possibilities by observing the effects of iontophoretic application of glutamate, GABA and bicuculline on the adaptation shown by individual striate cortical cells. Suppression of the cell's response by the administration of GABA would prevent adaptation of the cell. if fatigue due to repeated firing were the basis of adaptation.
Application of glutamate alone without the presentation of the adapting grating should also cause the cell to adapt. On the other hand, if adaptation were to be an after-effect of continued inhibition acting on the cell,",' administration of GABA without the prescntation of the adapting pattern would reduce the sensitivity of the neuron to subsequent presentation of a pattern.
If adaptation indeed depends upon changes in the input to a cell, local administration of the GABA antagonist, bicuculline would distinguish whether this effect is mediated through excitatory or inhibitory inputs to the cell.
EXPERIMENTAL PROCEDURES

GtWYUl
For the initial surgery. the cats (common domestic cats. bred at the animal house of the institute) were anaesthetized with 25 mg/kg of ketamine (Parke-Davis). The surgery consisted of venous and tracheal canulations, bilateral cervical sympathectomy and a craniotomy. The animals were then maintained on a (70: 30) nitrous oxide: oxygen mixture and I mg/kg per h of pentobarbital (Nembutal; CEVA). The adequacy of anaesthesia was assessed by monitoring the heart rate and the electroencephalogram.
At the levels of anaesthesia used during the experiment, heart rate remained stable and the electroencephalogram showed slow wave activity. Muscular paralysis was achieved by the administration of 5mg;kg per h of gallamine triethiodide (Sigma) and 0.1 mg/kg per h of pancuronium (Organon Tecknika). Artificial ventilation was adjusted to keep the end-tidal CO, near 4%. Atropine and phenylephrine (Neosynephrine) were topically applied on the eyes and 3 mm diameter I75 T. K. \'Il)YASAC;AK artificial pupils were used. Refraction was corrected by the use of appropriate hard contact lenses that brought to focus stimuli presented on screen placed 57 cm from the animal's eyes. Subscapular temperature was maintained at 38 C with a heating pad.
Penetrations were made in area 17 along the medial bank of the postlateral gyrus, usually between Horsley -Clarke coordinates Pl and P6. The locations of ceils in area 17 were also verified by histological reconstructions of the tracks from identification in 52-pm Nissl-stained sections of the electrolytic lesions made at specific recording sites. No reference will be made to the laminar location of the cells in this paper, since the number of neurons per lamina was not targe enough to make reliable categorizations.
~drnir~i~i~ut~~n of drug,s
The electrode assembly used for these experiments consisted of a tungsten-in-glass recording electrode to which a number of micropipettes were glued under microscopic control. The pipettes were each filled with one of the following solutions: bicuculline methiodide (Pierce) 0.01 M in 165mM NaCI, pH 3; L-giutamic acid (Sigma) 0.5 M, pH 8; GABA (Sigma) 0.5 M, pH 3; NaCl3 M. The effectiveness of bicuculline was always assessed by its ability to nullify the inhibitory effects of iontophoretically applied GABA on the responses of the neuron. The current of GABA for such controls was usually three to four times higher than that necessary to completely suppress the cell's response. Only those cells where an effective block of GABAeryic inhibition could be established were used for further experiments with bicuculline. For more details of the iontophoretic technique and other controls, see elsewhere.'" V&al srimulutiun Sin wave gratings, bars and edges could be produced on a cathode ray scope (Joyce Electronics Ltd, U.K.) using a microprocessor (CMS Cambridge, U.K.). The screen subtended 31' x 22" of visual angle and had a mean luminance of 200 cd/m'. A PDP-I 1 computer controlled the presentation of grating stimuli varying in spatial frequency, temporal frequency and orientation in an interleaved fashion. After plotting orientation, spatial frequency and temporal frequency tuning curves, near optimal values were chosen for the experiments on each cell.
RESULTS
Of the neurons that were tested for adaptation in area 17, most (15 simple and I5 complex) showed significant adaptation, reaching the criterion that adaptation to the high-contrast grating reduced the response to the test grating by at least half. Contrasts for adapting and test gratings were then so chosen that adaptation reduced the response to the test grating by 4&N%. For simple cells, the amplitude of the first harmonic component was taken as the measure of response. Since complex cells do not show a modulated response to moving gratings like the simple cells, the increase in mean discharge rate above the spontaneous activity was taken as their response measure.
The adaptation to a high-contrast grating exhibited by a complex cell (A) and also a simpIe cell (B) is shown in Fig. 1 . This adaptation occurred to about the same extent if the cell's firing during adaptation had been suppressed entirely by the ionotophoretic application of GABA. In this case, it may be argued that the reduced firing seen after the adaptation period coufd be due to a certain amount of GABA lingering in the vicinity of the cell. This possibility is excluded by the fact that after application of the same current of GABA over a similar duration, but without the presentation of the adapting pattern, no adaptation effects were seen (Fig. 1) .
In Table 1 the mean of rbe above results can be seen for all the cells tested. Despite complete suppression of the cells' responses during adaptation by the iontophoretically applied GABA, adaptation occurred to the same extent as in controls (conditions A and B). Prolonged application of GABA for an equivalent period without presentation of the highcontrast adapting gratings produced no comparable adaptation (condition C). Since the iontophoretic GABA cannot be expected to suppress the occurrence of excitatory postsynaptic potentials (EPSPs) all over the postsynaptic surface, the excitatory amino acid, L-glutamic acid was iontophoretically applied without the presentation of the grating, to see whether the excitation of the cell per se had the effect of reducing the sensitivity of the cell. The glutamate current was adjusted to yield spike activity equal to or greater than that produced by the adapting pattern, but below that which produced depolarization block. Such a procedure did not lead to any reduction of responses to a subsequently presented test grating (condition D).
In some neurons, the effect of iontophoretic application of bicuculline on adaptation was tested. The dose of bicuculline methiodide was adjusted to block the effect of iontophoretically applied GABA, which would otherwise completely suppress the response of the cell to an optimum stimulus (see Ex~rimental Procedures). Adaptation was then again measured during the administration of bicuculline. Figure 2 shows that cells exhibited adaptation during bicuculline application as well. The magnitude of this adaptation was comparable with the control situation, as can be seen from the means in Table f ~~onditions A and E). GABA in the close vicinity of the cell. That spike activity is not necessary for adaptation to occur is consistent with earlier reports that cortical neurons can be adapted by stimuli which do not themselves evoke responses.'7,21 However, it may be argued that occurrence of EPSPs may be sufficient to lead to adaptation even if action potentials are suppressed. But the absence of any reduction in cell sensitivity after the application of glutamate excludes the possibility of neuronal fatigue from excitatory activity being the basis of adaptation.
It has been postulated that a cell stimulated by the presentation of a high-contrast optimal grating concomitantly experiences considerable inhibition and this effect persists leading to the lowered sensitivity from an interleaved set of recording conditions, with the control response to the low-contrast (5%) grating on the left, the response during the adaptation to a high-contrast (40%) in the middle (except in the bottom row) and the response to the low-contrast grating presented immediately after the adaptation period on the right, The stimulus was a 0.16 cycles/deg grating moving at 6.84 Hz. Each stimulus condition was presented for 12.8 s and the whole cycle repeated four times, with the control test grating always preceded by a period of 15 s, during which no grating was presented on the screen to allow recovery from adaptation. The middle row represents the situation where 64 nA of GABA was microiontophoretically applied during the presentation of the high-contrast adaptation grating. The GABA could completely suppress the response of the cell. The few spikes seen were during the first sweep (400 ms) when GABA had not had its full effect. The bottom row represents the situation where the same current of GABA was applied over the same period as above, but no grating was presented on the screen, which was maintained at its mean luminance. (B) Peristimulus time histograms from a similar adaptation protocol as above are shown for presentation of the control test grating and the test grating after the three adaptation periods (numbered 1, 2 and 3, corresponding to the top, middle and bottom rows in A). The stimulus was a 0.64 cycles/deg grating moving at 3.42 Hz. The test contrast used was 40%. since adaptation effects could be clearly seen even using this high contrast. seen subsequent1y.s But the inhibited state of the cell change in the input to the cell. Such a change is itself cannot be the basis of adaptation, since appliunlikely to be in the geniculate input, since neurons cation of GABA, without the presentation of the in the dLGN show no adaptation effects.17.2"~2' adapting patterns did not reduce the sensitivity of the Further, interocular transfer of adaptation in area cell. Thus adaptation of an individual cortical cell is 17 neurons.'6 the spatial frequency and orientation independent of the excitatory and inhibitory activity specificity of the effect'7,'9 and recent studies of of that particular neuron, and possibly reflects a motion after-effect in striate neurons"," suggest that If the response is totally unaffected by the adaptation procedure, the ratio would be 1. The mean ratio is shown for each adaptation condition, along with the standard error. For each cell, the contrast of the test grating and the contrast of the adapting grating were so chosen that the adaptation reduced the cell's response by nearly half (represented by condition A, corresponding to adaptation period 1 in Fig. I ). Condition B: response to test grating after adaptation period 2, during which grating of the same contrast and duration as in A was presented along with iontophoresis of GABA that was sufficient to suppress all responses. Condition C: response to test grating after adaptation period 3, during which the same current of GABA as in B was ejected over the same period, but without presentation of the grating. Condition D: response to test grating after an adaptation period, during which glutamate was ejected over the same period as in AC, but without the presentation of the grating, and at an ejection current that produced a mean spike count comparable with that during adaptation period 1. Condition E:
response to test grating after an adaptation period similar to that in A, during which bicuculline methiodide was applied at an ejection current that could block the effect of GABA which was iontophoresed at a current at least equal to that used in condition B. Bicuculline ejection was continued during all phases of the cycle. both adapting and non-adapting.
Controls were also done in a few cells to exclude current effects. by ejecting Na ' ions from a barrel containing 3 M NaCl. This procedure had no effect on adaptation.
pattern adaptation occurs at the cortical level. iontophoretic application of bicuculline. This is conThe putative intracortical input that modulates the sistent with the shift in contrast-response functions activity during adaptation cannot be inhibitory since of cortical cells reported during adaptation in the adaptation occurred to the normal extent despite presence of local application of bicuculline.9 An But iontophoretic studies using the logical evidence that horizontal projections in the CABA, antagonist, phaclofen have shown that the visual cortex are excitatory.',"','" Adaptation could inhibition associated with these receptors lack thus be the expression of reduced activity in a stimu~~rientation and direction seiectivities.' There is also lus specific co-operative network whose effect on each at prcscnt no evidence for any functional non&ABA individual cell is largely mediated through excitatory inhibition in the visual cortex, let alone the spatial connections.
The excitatory network may have frequency and orientation specificities that would a facilitatory or synchronizing role during normal be required of this inhibition to explain pattern perception,"," and adaptation can be looked upon as adaptation.
a reduction of these lateral excitatory interactions.
The functional role of such a reduction may be to CoNc~~t30~ prevent excessive activity in the ~cili~~tory network leading to plastic changes like long-term potentiation The adaptation seen in a striate neuron reflects in adult primary sensory areas, which need to be a change in the intracortical excitatory inputs to maintained as reliable processors of incoming sensory that cell. Cross-correlation studies in area 17" suggest information.
I.
2.
3.
